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Abstract
Objectives:  To  evaluate  the  distortion  of  circular  structures  induced  by  the  increased  image
noise related  to  dose  reduction  and  to  assess  the  effect  of  iterative  reconstruction  (IR).
Methods:  MDCT  acquisitions  were  performed  with  120  kVp  for  200/100/60/40/20  mAs  with
100%/50%/30%/20%/10%  of  dose.  Raw  data  were  reconstructed  by  ﬁltered  back  projection  (FBP)
and with  two  IR  strengths.  Image  quality  indices  referred  to  water  and  acrylic  were  measured  on
a quality  image  phantom.  Areas,  perimeters,  circularity  were  measured  on  the  circular  inserts
of 4.8,  7.9  and  11.1  mm  on  a  morphological  phantom.
Results:  Dose  reduction  resulted  in  increased  image  noise  and  in  decreased  signal  to  noise  ratiospectrum and contrast  to  noise  ratio.  IR  improved  these  indices  for  the  same  dose  without  affecting
the signal  (number  CT)  and  spatial  resolution  (modulation  transfer  function).  The  values  of
area, perimeter  and  circularity  were  altered  compared  to  the  actual  value  and  the  inserts  were
visually deformed  with  the  dose  reduction.  IR  improved  these  three  parameters.  Image  quality
indices,  areas,  perimeters  and  circularity  of  inserts  were  similar  between  the  acquisition  at
Abbreviations: CNR, contrast to noise ratio; CTDI, computed tomography dose index; FBP, ﬁltered back projection; FOV, ﬁeld of view;
IR, iterative reconstruction; MDCT, multi-detector computed tomography; MTF, modulation transfer function; NPS, noise power spectrum;
PSF, point spread function; ROI, region of interest; SAFIRE, sinogram afﬁrmed iterative reconstruction; SNR, signal to noise ratio; TTF, Target
Transfer Function.
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100%  of  the  dose  in  FBP,  50%  in  strength-3  and  30%  in  strength-5  with  different  curves  of  noise
power spectrum.
Conclusion:  IR  associated  to  70%  of  dose  reduction  modiﬁes  the  images  smooth  (NPS)  but  main-
tains adequate  image  quality  indices  without  causing  distortions  of  circular  structures.
© 2015  Éditions  franc¸aises  de  radiologie.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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the  increasing  number  of  multi-detector  computed  tomo-
raphy  (MDCT)  studies  and  the  exposure  of  patients  to
onizing  radiation  have  required  a  dose  optimization  which
as  been  applied  in  routine  [1—3].  These  steps  are  resulted
rom  a  compromise  between  dose  and  image  quality.  Many
ools  [4,5]  were  developed  to  reduce  the  dose  directly  such
s  the  tube  current  modulation,  or  indirectly,  e.g.  iterative
econstruction  (IR)  algorithms,  such  procedure  aim  to  keep
he  satisfactory  image  quality  for  diagnosis  purposes.
IR  algorithms  [6—8]  improve  image  quality  by  reducing
oise  without  changing  signiﬁcantly  the  signal  parameters
nd  the  transverse  spatial  resolution.  Indirectly,  these  tech-
iques  can  reduce  the  dose  delivered  to  the  patients  by
hanging  the  usual  methods  to  dose  optimization.
These  methods  compensate  the  degradation  of  raw  data
aused  by  dose  reduction  and  it  is  frequently  applied  in
ifferent  clinical  studies  (cardiac  imaging,  liver,  chest  and
pine).  Most  of  studies  [9—18]  have  highlighted  the  inter-
st  of  IR  algorithm  in  dose  reduction  by  using  Sinogram
Fﬁrmed  Iterative  REconstruction  (SAFIRE)  tool  on  Siemens
T  scan.  For  instance,  high  strength  of  IR  algorithm  allows
hat  signal  to  noise  ratio  (SNR)  and  contrast  to  noise  ratio
CNR)  values  remains  similar  to  the  images  produced  with
igh  dose  permitting  a  dose  reduction  ranging  from  50  to
5%  [9—18].  Thus,  high  strengths  of  IR  algorithm  modify
he  visual  appearance  (image  smoothing)  and  the  texture
changes  in  noise  power  spectrum  [NPS])  of  the  images
8,19—21].  These  changes  were  originally  an  obstacle  for
 wide  spreading  use  of  the  fore-mentioned  techniques.
A  major  challenge  in  clinical  practice  [22]  is  to  han-
le  radiologist  subjectivity.  Indeed,  image  quality  analysis
hould  consider  individual  interpretations  in  additional  to
everal  other  parameters  while  diagnosing.
Several  abnormal  lesions  such  as  nodular  ones  are  usually
ircular  in  living  tissues  and  can  be  easier  diagnosed  by  using
 proper  imaging  enhanced.  Due  that,  the  impact  of  circu-
ar  structures  deformations  on  the  visualization  of  lesions
ust  be  ﬁrstly  studied  in  phantoms  before  being  applied  to
linical  studies.
The  objective  of  this  study  was  to  evaluate  the  distor-
ion  of  circular  structures  induced  by  the  increased  image
oise  related  to  dose  reduction  and  to  assess  the  effect  of
R  algorithm.
aterials and methodshantom used
atphan  500  (Phantom  Laboratory,  Salem,  USA)  was  com-
osed  of  four  sections  but  three  sections  CTP  401,  486  and
(
p
528b  were  used  in  this  study  to  evaluate  the  effect  of  IR
lgorithm  on  the  image  quality  indices  (SNR,  NPS,  CNR,  mod-
lation  transfer  function  [MTF]).  Deluxe  Jaszczak  phantom
Date  Spectrum  Corporation,  Durham,  USA),  a  morpholog-
cal  phantom,  was  used  to  evaluate  deformations  due  to
ose  reduction  and  the  effect  of  IR  algorithm.  This  phan-
om,  more  often  used  in  nuclear  medicine,  consists  of  a  unit
n  a  water  cylinder  (20  HU)  with  six  sectors  of  Plexiglas  cold
ods  (125  HU)  of  8.8  cm  height  and  different  diameters.  The
tudy  was  performed  on  the  sector  1  with  56  rods  of  4.8  mm
n  diameter;  sector  3  and  5  with  21  rods  of  7.9  mm  and  10
ods  of  11.1  mm  of  diameter  respectively.  These  diameters
ere  the  most  relevant  for  clinical  practice  on  parenchymal
rgan.
T scan
mages  were  acquired  on  a  MDCT  SOMATOM  Deﬁnition  AS+
Siemens,  Erlangen,  Germany).  The  detector  acquisition
ode  was  128  ×  0.6  mm2,  which  corresponds  to  a  physi-
al  collimation  of  64  ×  0.6  mm2 and  use  of  a  z-ﬂying  focal
pot  technique  that  allowed  for  double  sampling  along  the
-direction.  Raw  data  were  reconstructed  using  the  tradi-
ional  ﬁltered  back  projection  (FBP)  algorithm  and  with  an
R  algorithm  available  on  the  mentioned  CT  scan  (SAFIRE).
his  method  represents  the  particular  usage  of  two  correc-
ions  loops,  one  in  the  raw  data  especially  and  the  other  in
he  image  data  [23,24]  with  ﬁve  iteration  strengths  (S1  to
5).  On  a  scale  of  1  to  5,  1  indicates  the  least  amount  of
oise  reduction  while  5  refers  to  the  most  one.
cquisition and reconstruction parameters
mages  of  both  phantoms  were  obtained  with  the  following
arameters:  date  collection  diameter  500  mm,  1.2  helical
itch,  0.33  s  rotation  time,  128  ×  0.6  mm2 collimation;  1  mm
cquisition  thickness.  Images  were  acquired  at  ﬁve  quality
eference  of  mAs:  20,  40,  60,  100  and  200  mAs,  these  levels
f  mAs  correspond  to  10%,  20%,  30%,  50%  and  100%  of  the
eference  dose.  Regarding  to  volume  Computed  Tomogra-
hy  dose  index  (CTDIvol),  the  values  were  1.35,  2.7,  4.04,
.74  and  13.44  mGy.  All  images  were  reconstructed  axi-
lly  with  1  mm  image  thickness  and  an  interval  of  0.7  mm;
eld  of  view  (FOV)  was  set  to  260  ×  260  mm2 (voxel  size:
.51x0.51x0.7mm);  the  traditional  FBP  algorithm  with  a
edium  sharp  kernel  (B30)  and  the  IR  algorithm  SAFIRE  using
he  kernel  with  the  same  sharpness  as  that  FBP  algorithm
I30).
Although  ﬁve  strengths  are  available  in  SAFIRE  in  the
resent  work  only  explored  two  of  them;  strengths  3  and
.  On  one  hand,  the  strength  of  3  (S3)  is  commonly  used  in
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clinical  practice  and  represents  the  majority  of  references
in  this  ﬁeld  [14—16,19,24].  On  the  order  hand,  the  strength
of  5  allows  applying  the  maximum  dose  reduction  preserving
the  quality  of  the  image.  Due  that,  strengths  of  3  and  5  (S3
and  S5)  were  deﬁned  as  the  most  important  strength  to  be
evaluated.
Dosimetry
CTDIvol  was  measured  with  the  dosimetry  phantom  body
(The  Phantom  Laboratory,  Salem,  NY,  USA)  32  cm  diame-
ter  and  a  pencil  ionization  chamber  10  cm  (CT,  Unfors  Xi)
in  4  acquisitions.  The  ionization  chamber  and  the  multi-
meter  were  calibrated  according  an  accredited  laboratory
(Swedish  Board  for  Conformity  Assessment  and  Accredita-
tion  2035  ISO/IEC/17025).
Physical metrics
Images  obtained  with  the  phantom  Catphan  500  were  ana-
lysed  using  a  CTP  module  in  the  software  Qualimagiq®
(QUALIFORMED,  La  Roche  sur  Yon,  France).  In  order  to
approximate  the  density  available  in  Jaszczak  phantom,  the
analysis  was  performed  on  the  gelled  water  (20HU)  and  on
Acrylic  (120HU).  Signal  (mean)  and  image  noise  (standard
deviation)  were  estimated  under  CTP  486  section  for  water
(ROI  14400  pixels  [36  cm2]  in  the  centre)  and  under  CTP  401
section  for  the  Acrylic  (ROI  of  420  pixels  [0.785  cm2]).  The
values  of  the  SNR  in  the  water  and  in  the  acrylic  elements,
as  well  as  the  CNR  of  acrylic  were  calculated  according  fol-
lowing  Eq.  (1)  and  (2)  [20]:
SNR  = |HUROI|
ROI
(1)
CNR  = |HUROI −  HUWater|(
ROI+Water
2
) (2)
The  transverse  spatial  resolution,  characterized  by  the
MTF  [25—27],  was  calculated  by  measuring  the  impulse
response  function  of  the  imaging  system  represented  by
the  spreading  function  of  a  point  also  known  as  ‘‘point
spread  function  (PSF)’’.  This  function  was  estimated  in  the
CTP  528bis  section,  which  is  composed  with  a  small  ball  of
m
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Figure 1. Raw (a), thresholded (b) and analyzed (c) phantom images Jtive  reconstruction  189
ungsten  Carbide  with  diameter  of  0.28  mm,  which  is  less
han  one  pixel  size.  A  square  area  of  32  ×  32  pixels  was
entred  on  the  middle  of  the  PSF  (pixel  with  the  maximum
ntensity)  and  the  background  signal  was  subtracted  therein.
o  reduce  the  noise  inﬂuence,  two  PSF  are  calculated  by
rojecting  the  32  ×  32  pixels  ROI  on  vertical  and  horizon-
al  directions  of  the  image.  These  two  projections  give  two
SF  proﬁles  and  at  the  end  the  MTF  was  obtained  from  the
verage  of  the  two  modules  of  their  Fourier  transforms.  The
alue  of  the  MTF10% was  then  extracted  from  the  MTF  curves.
NPS  were  calculated  with  a  homemade  Matlab® routine
The  MathWorks,  Natick,  USA)  based  on  60  image  slices
f  the  homogeneous  water  section  (CTP  486)  containing
OIs  of  128  ×  128  pixels.  NPS  were  determined  by  aver-
ges  in  the  frequency  domain  along  the  fx  and  fy  directions
8,20,21,27—29].  The  methodology  we  used  was  similar  to
hat  used  by  Mieville  et  al.  [20].
Data  obtained  with  the  phantom  Jaszczak  were  also
nalysed  with  the  software  Image  J® 1.48v  (U.S.  National
nstitutes  of  Health,  Bethesda,  USA).  For  each  acquisition
nd  reconstruction  parameter  combinations  the  same  image
n  the  centre  of  the  section  was  selected.  In  order  to
ncrease  the  contrast,  each  image  was  converted  to  8-bit
Fig.  1a)  and  turned  to  binary  (Fig.  1b)  with  the  Thresh-
ld  Function  presented  in  the  software  [30].  Subsequently,
he  histogram  of  the  image  was  computed  resulting  in  one
ayleigh  and  two  mixed  Gaussian  curves  (Fig.  2).  The  second
aussian  (C)  represents  the  pixels  with  higher  values  mainly
orresponding  to  the  inserts  while  the  ﬁrst  one  (B)  and  the
ayleigh  curve  (A)  report  the  lower  values,  that  correspond
o  the  background  of  the  phantom  and  the  water  respec-
ively.  A  crucial  threshold  values  between  the  insert  and
ther  elements  was  found  between  both  Gaussian  curves.
n  order  to  deﬁne  this  threshold,  a  Gaussian  mixture  model
pproach  was  applied  using  a  homemade  Matlab® routine
The  MathWorks,  Natick,  USA).  Brieﬂy,  the  ﬁrst  derivate
as  computed  and  maximized  on  the  histogram  in  order
o  ﬁnd  the  mean  value  of  the  ﬁrst  Gaussian  (peak).  In
ddition,  the  second  derivate  was  also  computed  and  maxi-
ized  to  model  the  standard  deviation  of  the  ﬁrst  Gaussian
urve.  The  threshold  was  deﬁned  by  the  mean  added  three
tandard  deviation  of  the  ﬁrst  Gaussian.  Such  procedure  was
pplied  on  the  images  and  resulted  different  thresholds.
aszczak with pluggin Analyze Particles software Image J.
190  J.  Grefﬁer  et  al.
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(igure 2. Histogram for 120 kVp, 200 mAs and FBP with the th
istribution (A) and two Gaussian curves (B and C).
he  ﬁnal  threshold  was  calculated  by  averaging  over  all
ndividual  thresholds.  Such  more  value  corresponds  to  134
U  (standard  deviation:  4%).  Hounsﬁeld  values  over  134  HU
ere  coloured  in  black  while  values  below  134  HU  were
oloured  white.  The  tool  ‘‘Analyze  Particles’’  was  used  to
xtract  from  binary  images  the  measurements  of  areas,
erimeters  and  circularity  in  all  inserts  with  different  diam-
ters  (Fig.  1c).
The  circularity  was  computed  with  the  Eq.  (3)  using  the
rea  and  the  perimeter  as  variables.  For  the  ideal  condition,
 value  of  1.0  indicates  a  perfect  circle.
ircularity  = 4 ×  Area
Perimeter2
(3)
Values  used  in  the  present  paper  correspond  to  the
verage  of  each  section:  different  insert  composing  the  3
elected  sections  (4.8  mm,  7.9  mm  and  11.1  mm  in  diame-
er).
tatisticstatistical  analysis  was  performed  using  Biostatgv’
http://marne.u707.jussieu.fr/biostatgv/).  The  comparison
etween  the  reference  acquisition  and  other  acquisitions
r
w
s
i
Table  1a  Effect  of  the  reduction  CTDIvol  and  the  increase  of
Water  (20  HU)  SNR  for  different  CTDIvol  (mGy)
Reconstruction  1.35  (10%)  2.7  (20%)  
FBP  (B30f)  0.33  0.48  
S3  (I30f)  0.46  0.70  
S5  (I30f)  0.63  0.98  
The acquisition of reference corresponds to 100% or 13.44 mGy rec
strengths of iterative reconstruction SAFIRE. Bold values shows the simold value used in this study. The histogram evidences a Rayleigh
as  achieved  using  the  paired  Mann-Whitney—Wilcoxon
est.  A  P-value  lower  than  0.001  (adjusted  for  multiple
omparisons)  was  considered  signiﬁcant.
esults
ecreasing  of  CTDIvol  was  associated  to  lower  values  of  SNR
nd  CNR  regarding  each  insert  and  the  strength  of  recon-
truction.  However,  both  SNR  and  CNR  were  improved  by
ncreasing  strengths  of  SAFIRE.  Independently  of  the  CTDI-
ol,  SNR  of  the  water  was  increased  in  mean  by  44.3%
etween  the  FBP  and  S3  and  99.1%  between  FBP  and  S5
Table  1a).  The  acrylic  SNR  differed  in  mean  by  44.7%
etween  the  FBP  and  S3  and  103.3%  between  the  FBP  and
5  (Table  1b).  The  acrylic  CNR  differed  in  mean  by  43.3%
etween  the  FBP  and  S3  and  98.5%  between  the  FBP  and
5  (Table  1c).  Whatever  the  strength  of  IR  algorithm  and
he  dose  reduction,  the  values  of  MTF10% were  equivalent
Table  1d).
Similar  (±  5%)  or  improved  values  of  SNR  and  CNR  were
esulted  from  a dose  reduction  of  50%  for  S3  and  70%  for  S5
ere  indicated.  Moreover,  regardless  of  the  rise  of  SAFIRE
trength  or  CTDIvol,  transverse  spatial  resolution  material-
zed  by  MTF10% was  not  modiﬁed  (Table  1d).
 SAFIRE  strength  on  the  SNR  of  water.
4.04  (30%)  6.74  (50%)  13.44  (100%)
0.56  0.74  1.10
0.81  1.08  —
1.10  1.51  —
onstructed with FBP. FBP: ﬁltered back projection; S3 and S5:
ilar or improved value compared to 120kVp/200mAs/FBP.
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Table  1b  Effect  of  the  reduction  CTDIvol  and  the  increase  of  SAFIRE  strength  on  the  SNR  of  the  acrylic.
Acrylic  (120  HU)  SNR  for  different  CTDIvol  (mGy)
Reconstruction  1.35  (10%)  2.7  (20%)  4.04  (30%)  6.74  (50%)  13.44  (100%)
FBP  (B30f) 3.14  4.43  6.26  10.00  12.52
S3  (I30f) 4.36 6.09 9.37 15.27 —
S5  (I30f)  5.83  7.96  14.15  22.13  —
The acquisition of reference corresponds to 100% or 13.44 mGy  reconstructed with FBP. FBP: ﬁltered back projection; S3 and S5:
strengths of iterative reconstruction SAFIRE. Bold values shows the similar or improved value compared to 120kVp/200mAs/FBP.
Table  1c Effect  of  the  reduction  CTDIvol  and  the  increase  of  SAFIRE  strength  on  CNR  of  the  acrylic.
Acrylic  (120  HU)  CNR  for  different  CTDIvol  (mGy)
Reconstruction  1.35  (10%)  2.7  (20%)  4.04  (30%)  6.74  (50%)  13.44  (100%)
FBP  (B30f)  3.12  4.54  6.11  8.63  11.85
S3  (I30f)  4.40  6.35  8.86  12.68  —
S5  (I30f)  5.96  8.51  12.67  17.95  —
The acquisition of reference corresponds to 100% or 13.44 mGy  reconstructed with FBP. FBP: ﬁltered back projection; S3 and S5:
strengths of iterative reconstruction SAFIRE. Bold values shows the similar or improved value compared to 120kVp/200mAs/FBP.
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iFig.  3a—c  shows  that  whatever  the  size  of  the  insert,
reductions  in  mAs  increased  the  difference  between  a  mea-
sured  area  and  its  real  value.  The  difference  between  the
real  area  and  the  one  of  120  kVp  200  mAs  tended  to  be  ampli-
ﬁed  with  the  decreased  size  of  the  insert.  Such  differences
represented  14.5%  for  4.8  mm,  12.7%  for  7.9  mm  and  7.5%  for
11.1  mm.  However,  higher  strength  of  IR  algorithm  improved
measures  when  compared  to  the  real  value.  The  impact  of
IR  algorithm  demonstrated  to  be  much  more  important  in
lower  doses.  Comparing  FBP  and  S3,  the  area  of  the  inserts
dropped  in  mean  —1.6%  for  200  mAs  and  —3.1%  for  20  mAs.
The  same  pattern  was  observed  for  the  comparison  between
FBP  and  S5.  In  this  case,  the  area  dropped  in  mean  —2.5%  at
200  mAs  and  —5.3%  for  20  mAs.
Analogous  to  the  area,  lower  mAs  resulted  in  an  incre-
ment  in  the  perimeter,  which  was  distanced  from  its  real
value  (Fig.  3d—f).  For  instance,  compared  to  the  actual
perimeter,  the  average  of  the  three  types  of  inserts  resulted
in  a  difference  of  9.8%  when  using  120  kVp  and  200  mAs.  High
strengths  of  IR  algorithm  also  demonstrated  to  be  more  efﬁ-
cient  when  the  mAs  were  reduced.  Comparing  FBP  and  S3,
a
w
Table  1d  Effect  of  the  reduction  CTDIvol  and  the  increase  of
MTF10% (mm−1)  MTF  values  for  different  CTDIvol  (mG
Reconstruction  1.35  (10%)  2.7  (20%)  
FBP  (B30f)  0.16  0.17  
S3  (I30f)  0.16  0.16  
S5  (I30f)  0.16  0.16  
The acquisition of reference corresponds to 100% or 13.44 mGy  rec
strengths of iterative reconstruction SAFIRE. Bold values shows the simhe  perimeter  of  the  inserts  felt  in  mean  —1.3%  for  200  mAs
nd  —12.7%  for  20  mAs.  Analogously,  for  the  comparison
etween  FBP  and  S5,  the  perimeter  reduced  in  mean  —2.1%
t  200  mAs  and  —20.8%  for  20  mAs.  Therefore,  the  impact
f  higher  strengths  of  IR  algorithm  was  more  pronounced  in
erimeter  than  in  area.
The  circularity  approximated  to  the  value  1  (ideal  value)
hen  mAs  or  IR  algorithm  strength  (Fig.  3g—i)  was  increased.
n  addition,  considering  the  value  of  the  circularity  at  120
Vp  and  200  mAs  for  FBP,  it  was  observed  a  difference  of
.6%  between  the  ideal  value  and  the  circularity  of  the
nsert  with  the  diameter  of  4.8  mm.  This  effect  was  more
vident  with  the  diameter  of  insert  increased:  8.6%  for
.9  mm  and  10.1%  for  11.1  mm.  The  impact  of  IR  algorithm
as  greater  with  low  dose  as  for  the  area  and  the  perime-
er.  The  average  difference  of  the  circularity  was  1.0%  at
00  mAs  and  24.7%  at  20  mAs  between  FBP  and  S3  while
t  was  1.8%  at  200  mAs  and  46.2%  at  20  mAs  between  FBP
nd  S5.
More  inserts  were  little  more  distorted  when  the  dose
as  reduced  (Fig.  4).
 SAFIRE  strength  on  MTF10%.
y)
4.04  (30%)  6.74  (50%)  13.44  (100%)
0.16  0.16  0.16
0.16  0.16  —
0.16  0.16  —
onstructed with FBP. FBP: ﬁltered back projection; S3 and S5:
ilar or improved value compared to 120kVp/200mAs/FBP.
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Figure 3. Effect of dose reduction and increase strengths of SAFIRE on deformations: areas (a—c), perimeters (d—f) and the circularity
(g—i) for the inserts 4.8 mm, 7.9 mm and 11.1 mm (FBP: Filtered Back Projection; S3 and S5: strengths of iterative reconstruction SAFIRE).
The ideal value for the circularity is 1.
Table  2a  Comparison  areas  for  3  sizes  of  inserts
between  acquisitions  100%  and  FBP,  50%  and  S3  and  30%
and  S5  in  the  Jaszczak  phantom.
Area  (mm2)  Insert
4.8  mm
Insert
7.9  mm
Insert
11.1  mm
120  kVp  200  mAs  FBP  20.7  55.2  104.1
120  kVp  100  mAs  S3  20.5  54.7  103.4
120  kVp  60  mAs  S5  20.4  54.5  103.7
FBP: ﬁltered back projection; S3 and S5: strengths of iterative
reconstruction SAFIRE.
o
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Table  2b  Comparison  perimeters  for  3 sizes  of  inserts
between  acquisitions  100%  and  FBP,  50%  and  S3  and  30%
and  S5  in  the  Jaszczak  phantom.
Perimeter  (mm)  Insert
4.8  mm
Insert
7.9  mm
Insert
11.1  mm
120  kVp  200  mAs  FBP  16.58  27.46  37.86
120  kVp  100  mAs  S3  16.51  27.57  37.96
120  kVp  60  mAs  S5  16.64  27.65  38.14
FBP: ﬁltered back projection; S3 and S5: strengths of iterative
reconstruction SAFIRE.
Table  2c  Comparison  circularity  for  3  sizes  of  inserts
between  acquisitions  100%  and  FBP,  50%  and  S3  and  30%
and  S5  in  the  Jaszczak  phantom.
Circularity  Insert
4.8  mm
Insert
7.9  mm
Insert
11.1  mm
120  kVp  200  mAs  FBP  0.95  0.92  0.91
120  kVp  100  mAs  S3  0.94  0.91  0.91
120  kVp  60  mAs  S5  0.93  0.90  0.90Increasing  strengths  of  IR  algorithm  improved  reduction
f  the  general  distortions,  which  results  in  the  values  of  the
ircularity  approaching  to  1  (Fig.  5).
No  signiﬁcant  difference  was  found  amongst  the  values
f  the  areas,  perimeters  and  circularity  of  the  inserts  and
mongst  the  acquisition  with  100%  of  doses  and  FBP,  with
0%  and  S3  and  with  30%  and  S5  (Tables  2a—c).
Fig.  6  shows  the  images  obtained  for  the  acquisition  of
eference  and  the  two  acquisitions  with  dose  reduction.
The  peaks  of  S3  and  S5  were  slightly  above  the  curve
BP  at  200  mAs,  regarding  the  NPS  curves  of  the  three
cquisitions.  These  peaks  were  strongly  shifted  to  lower
requencies  as  the  IR  algorithm  strength  was  higher  (Fig.  7).
FBP: ﬁltered back projection; S3 and S5: strengths of iterative
reconstruction SAFIRE.
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Figure 4. Images obtained at 100% (a), 50% (b), 30% (c) and 10% (d) dose and reconstructed with FBP with and without the used of the
m
p
i
b
o
t
l
r
a
t
m
i
g
w
a
m
n
t
r
p
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Discussion
This  study  demonstrated  the  possibility  to  decrease  irradi-
ation  dose  to  70%  with  strength-5  of  SAFIRE  compared  to
reference,  as  IR  algorithm  compensate  image  quality  with
no  effect  on  circular  structures  (4.8  to  12.7  mm).
The  phantom  Catphan  allows  us  to  adequately  evaluate
all  quality  image  indices.  Results  derived  from  the  acqui-
sitions  with  the  phantom  Catphan  were  similar  to  those  in
the  literature  [8,20,21].  The  image  noise  was  remarkably
reduced  with  progressive  increase  of  SAFIRE  strength  with-
out  affecting  the  signal  and  MTF10%.  Thus  the  SNR  and  CNR
were  improved.  Similar  values  of  the  quality  indices  were
found  with  50%  dose  reduction  and  S3  as  well  with  70%  of
reduction  dose  and  S5.  The  effect  of  IR  algorithm  when  com-
pared  to  FBP  was  more  pronounced  at  low  dose  than  at  high
dose.
Increasing  levels  of  SAFIRE  entailed  a  double  advantage:
the  quality  indices  were  improved  for  the  same  dose  and
reductions  of  dose  were  possible  for  the  same  image  quality
indices  [8,20—22].  However,  these  indices  did  not  provide
any  additional  information  about  the  impact  increasing
image  noise  component,  due  to  dose  reduction  and  the
compensation  of  IR  algorithm  on  the  deformations  of  circu-
lar  structures.  Moreover,  the  phantom  Catphan  did  not  allow
analyzing  the  objects  deformation.
i
d
cThe  phantom  Jaszczak,  more  often  used  in  nuclear
edicine,  have  the  advantage  of  analyzing  6  sectors  com-
osed  by  circular  inserts  of  different  sizes  with  densities
ncluded  in  those  of  soft  tissues  (125  HU  and  20  HU  for  the
ackground).  Various  sizes  of  the  inserts,  simulating  nodules
f  several  diameters,  allowed  approaching  signiﬁcantly  to
he  structures  on  clinical  images.  The  usage  of  plugin  Ana-
yze  Particles  of  the  Image  J  software  permitted  to  obtain
eproducible  results  after  a  pre-processing  of  the  images.  In
ddition  to  that,  here  it  was  proposed  a  systematic  method
o  extract  the  information  of  a  speciﬁc  Grayscale  band.  By
eans  of  modelling  the  histogram,  the  distribution  of  voxels
ntensity  suggested  to  follow  a  function  composed  by  a  sin-
le  Rayleigh  and  two  Gaussian  curves.  Although  such  method
as  not  explored  extensive  in  this  paper,  low  standard  devi-
tion  found  to  be  4%  in  the  threshold  values  across  the
easurements.
From  a  metric  point  of  view,  by  reducing  the  dose  the
oise  component  of  the  image  was  increased.  Areas,  perime-
ers  and  circularity  were  distanced  from  the  values  of  the
eference  acquisition.  From  a  visual  point  of  view,  the  mor-
hology  of  the  inserts  was  progressively  changed  in  direct
roportion  to  the  dose  decrease.  The  loss  of  their  circular-
ty  and  the  presence  of  peaks  were  evidenced.  The  study
emonstrated  that  IR  algorithm  corrected  distortion  of  cir-
ular  structures,  as  attested  by  the  improvement  of  the
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oigure 5. Images obtained at 10% dose and reconstructed with F
hree  parameters.  This  effect  was  present  when  dose  was
educed.  The  three  parameters  were  also  improved  with  IR
lgorithm  at  a  constant  dose  compared  to  FBP.  Moreover,
rom  a  visual  point  of  view,  with  the  same  dose,  the  use
f  IR  algorithm  reduced  the  deformation  of  the  inserts  and
hey  were  closer  to  theirs  initial  circular  shapes.
Using  strengths  S3  and  S5  of  SAFIRE  allowed  reducing
he  doses  respectively  by  50%  and  by  70%  regarding  to
he  reference  acquisition  at  100%.  Equivalent  indices  of
mage  quality  were  found.  The  measured  values  of  the  three
arameters  showed  no  major  differences  compared  to  the
cquisition  at  100%  and  to  FBP.  Visually  images  obtained
ith  the  Image  J  software  showed  circular  inserts  with  close
hape  and  size.
In  fact  the  real  phantom  images  were  visually  different.
moothing  of  image  was  present  and  ampliﬁed  as  IR  level
ncreased.  NPS  curves  of  these  three  acquisitions  showed
hat  even  if  the  SNR  and  CNR  presented  no  important  dif-
erence,  the  noise  component  was  higher  for  acquisitions
ith  dose  reduction.  In  addition,  the  peaks  of  the  curves
ere  moved  to  lower  frequencies  with  IR  algorithm  and  this
as  consistent  with  the  results  presented  in  the  literature
8,20,21].This  study  had  some  limitations.  Firstly,  the  Catphan
evice  500,  used  as  reference  to  quantify  image  quality
ndices,  was  a  quick  and  simple  approach  to  the  evalua-
ion  of  certain  properties  of  reconstruction  methods.  It  was
o
p
i
s), S3 (b) andS5 (c) with and without the used of the Image J tool.
imited  especially  for  MTF  measurements  with  non-linear
econstruction.  The  classical  MTF  system  was  well  adapted
or  linear  reconstruction  algorithms  such  as  FBP  with  the
tandard  kernel,  the  spatial  resolution  is  independent  of
he  contrast  level.  However,  for  IR  algorithms  the  spatial
esolution  was  dependent  on  the  contrast  level.  Use  of  TTF
ndex  seems  to  be  the  most  appropriated  to  assess  the  non-
inear  IR  algorithm  [27].  Moreover,  the  parameters  studied
ocused  the  effect  of  SAFIRE  and  the  dose  reduction.  The
aw  data  were  acquired  at  120  kVp  in  order  to  overcome
he  effect  of  beam  energy  on  image  quality  indices  above
ll  the  signal  [7].  The  impact  of  the  pitch,  the  acquisition
nd  reconstruction  slice  thickness,  as  well  the  reconstruc-
ion  kernels  and  the  other  strengths  of  SAFIRE  were  not
tudied.  To  avoid  inter-observer  bias,  the  spatial  resolution
t  low  contrast  was  not  evaluated  [31,32].  Finally,  the  use
f  phantom  Jaszczak  was  limited  to  the  analysis  of  circular
tructures  of  density  in  the  range  of  soft  tissues.
This  experimental  study  conﬁrms  the  possibility  of  reduc-
ng  the  dose  up  to  70%  while  maintaining  satisfactory  image
uality  indices,  without  altering  the  area,  perimeter  and  cir-
ularity  of  the  circular  structures  by  using  IR  algorithm.  In
rder  to  transpose  this  model  to  medical  practice,  studies
n  cadaver  and  on  patients  should  be  performed.  In  these
roposed  studies  an  assessment  of  oversmoothing  and  the
mpact  of  circular  deformation  on  diagnostic  performance
hould  be  evaluated.
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Figure 6. Images obtained at 100% and FBP (a), 50% and S3 (b) and 30
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RFigure 7. NPS curves for 100% and FBP, 50% and S3, 30% and S5.
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